INTRODUCTION
============

Protein--DNA interactions play vital roles in several biological processes, including gene regulation, DNA repair, DNA replication and DNA packaging. The knowledge about DNA-binding residues and binding specificity would help to understand the recognition mechanism of protein--DNA complexes. The availability of experimental data on binding specificity ([@gkt544-B1]) and 3D structures of protein--DNA complexes ([@gkt544-B2]) encouraged researchers to reveal important factors for understanding protein--DNA recognition. The analysis has been focused on different directions such as amino acid properties, conservation of residues, contribution of non-covalent interactions and conformational changes of DNA ([@gkt544-B3; @gkt544-B4; @gkt544-B5; @gkt544-B6; @gkt544-B7; @gkt544-B8; @gkt544-B9; @gkt544-B10; @gkt544-B11; @gkt544-B12; @gkt544-B13; @gkt544-B14; @gkt544-B15; @gkt544-B16; @gkt544-B17; @gkt544-B18; @gkt544-B19; @gkt544-B20; @gkt544-B21; @gkt544-B22; @gkt544-B23; @gkt544-B24; @gkt544-B25; @gkt544-B26]). The importance of hydrogen bonds, electrostatic, hydrophobic and van der Waals interactions along with weak interactions including cation-π has been stressed by several investigators in the field ([@gkt544-B12],[@gkt544-B14],[@gkt544-B19],[@gkt544-B24],[@gkt544-B27; @gkt544-B28; @gkt544-B29; @gkt544-B30; @gkt544-B31; @gkt544-B32]). The contributions of energetic terms along with physical and chemical features have been used to understand the recognition mechanism of protein--DNA complexes. Furthermore, knowledge-based statistical potentials have been derived using atomic contacts between protein and DNA, and these potentials have been used to predict the binding specificity of protein--DNA complexes ([@gkt544-B33],[@gkt544-B34]). Gromiha *et al.* (2004) combined both inter and intra-molecular interactions for understanding the recognition mechanism.

On the other hand, owing to the exponential increase in the gap between the available sequences and structures of DNA-binding proteins in Uniprot ([@gkt544-B35]) and Protein Data Bank ([@gkt544-B2]), several methods have been proposed to identify the binding site residues just from amino acid sequences. These methods are based on amino acid frequency, evolutionary profile, sequence conservation, predicted secondary structure and solvent accessibility, electrostatic potential, hydrophobicity, position-specific scoring matrix by using various machine learning methods such as support vector machine, neural network, Naïve Bayes classifier and random forest ([@gkt544-B33],[@gkt544-B36; @gkt544-B37; @gkt544-B38; @gkt544-B39; @gkt544-B40; @gkt544-B41; @gkt544-B42; @gkt544-B43; @gkt544-B44; @gkt544-B45; @gkt544-B46; @gkt544-B47; @gkt544-B48; @gkt544-B49; @gkt544-B50; @gkt544-B51]). Careful inspection of these methods revealed the fact that they are applicable to specific types of proteins, and the performance of each method varies drastically in the range of 20--90%. This situation leads confusions to the biologists for selecting the best method to identify the binding sites for designing their experiments. Hence, it is essential and important to reveal the applications and predictive ability of existing predictors to specific data sets based on various properties of the query protein.

In this work, we have systematically categorized the protein--DNA complexes into several groups based on the structure of the protein, structure of the DNA, binding motif and function. The complexes in each category have been divided into several sub-categories using known annotations in structural and functional databases. On the other hand, we have collected all the prediction servers, which have either online services or available standalone programs. We have developed necessary in-house programs to analyze the results obtained with each method using nine types of data sets. We noticed that no method is uniformly predicting the binding sites at high accuracy in all the data sets. This is applicable to the most recently developed methods with tuned parameters, efficient techniques and large data set as well as the earliest methods reported in the literature. We have related the performance of each method with different data sets and revealed the correspondence between them. These results would help the biologists to select the best method to design their experiments rather than choosing any specific method arbitrarily or a combination of methods. In addition, the present study explores the necessity of refining/developing bioinformatics tools to improve the performance in specific categories of DNA-binding proteins. Specific examples for the best and worst performance of methods in selected categories of data sets will be discussed.

MATERIALS AND METHODS
=====================

Data sets
---------

We have collected all the protein--DNA complexes (2317 entries) deposited in Protein Data Bank (last accessed on 16 May 2012). These complexes were classified into four broader categories based on (i) protein structure, (ii) DNA structure, (iii) binding motif and (iv) protein function as described later in the text. All the data sets have been culled with the sequence identities of \<25 and 40%. We obtained similar results, and the data with the cutoff of \<25% sequence identity are presented in this article.

Classification based on protein structure
-----------------------------------------

We have used the SCOP database ([@gkt544-B52]) for structural classification of proteins based on their structural classes, folding types, superfamilies and families. Our final data set contains 260 protein chains from seven classes, 86 folds, 106 superfamilies and 194 families with the sequence identity of \<25%.

Further, we have identified the disordered regions by comparing the structures of proteins in free and complex forms and analyzed the performance of different methods in disordered regions.

Classification based on DNA structure
-------------------------------------

We have classified the protein--DNA complexes based on DNA structure on two aspects: (i) DNA conformation such as A, B, Z, RH and U and (ii) type of DNA (single stranded, double stranded and palindrome and double stranded and non-palindrome). The conformation of DNA has been obtained from Nucleic acid database (NDB) ([@gkt544-B53]). The databases PDB, NDB and PDIdb ([@gkt544-B54]) have been used to get the information on double/single-stranded DNA and palindrome/non-palindrome DNA. The final data set contains 283 and 301 protein chains based on DNA conformation and type, respectively.

Motif-based classification
--------------------------

The binding motif is considered to be an important factor for identifying the binding sites ([@gkt544-B55]). Hence, we classified the protein--DNA complexes based on their binding motifs, and the major ones are helix-turn-helix, β-barrel and β-ribbon. We obtained the motif information from different databases such as ProNuc ([@gkt544-B56]), PDIdb ([@gkt544-B54]) and Biomolecules gallery (<http://gibk26.bio.kyutech.ac.jp/jouhou/image/dna-protein/all/all.html>). The final data set contains 69 chains from 15 motifs. We noticed that several complexes are listed under enzymes, which are considered in the classification based on functions.

Functional classification of protein--DNA complexes
---------------------------------------------------

We have classified the protein--DNA complexes based on their functions such as enzymes, regulatory proteins and structural proteins. The functional information has been obtained from NDB. The final data set contains 126 enzymes, 149 regulatory proteins and 19 structural proteins with the sequence identity of \<25%.

Methods for predicting the binding sites in DNA-binding proteins
----------------------------------------------------------------

We have collected all the available methods for predicting the binding sites in DNA-binding proteins from amino acid sequence, which have either online services or available standalone programs ([@gkt544-B57]). The methods are BindN ([@gkt544-B39]), BindN+ ([@gkt544-B47]), BindN-RF ([@gkt544-B46]), DBS-Pred ([@gkt544-B37]), DBS-PSSM ([@gkt544-B38]), DNABindR ([@gkt544-B49]), DP-Bind with three categories, binary, BLOSUM and PSSM encoding ([@gkt544-B48]), metaDBSite ([@gkt544-B51]) and NAPS ([@gkt544-B50]). The details about the name, features, technique, reference and link for the methods used in the present work are listed in [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt544/-/DC1). These methods used different data sets and accuracies reported by the authors are in the range of 70--80%.

Identification of DNA-binding residues
--------------------------------------

Several criteria have been proposed to identify the DNA-binding sites such as the distance between contacting atoms in protein and DNA ([@gkt544-B37]), reduction in solvent accessibility on binding ([@gkt544-B58]) and interaction energy between protein and DNA ([@gkt544-B21]). Most of the prediction methods analyzed in this work used the distance based criteria for identifying the binding sites. In this approach, a residue in a DNA-binding protein is identified as binding if the distance between any of its heavy atoms and a heavy atom in DNA is ≤3.5 Å. We have identified the binding sites using the same conditions in all the considered protein--DNA complexes.

Assessing the performance of prediction methods
-----------------------------------------------

We have assessed the performance of different methods using the measures, sensitivity, specificity, accuracy and Matthews correlation coefficient (MCC). Sensitivity shows the correct prediction of DNA-binding residues, specificity reveals the ability of excluding non-binding residues and accuracy provides the overall performance ([@gkt544-B59]).

In these equations, TP (binding residues predicted as binding), TN (non-binding residues predicted as non binding), FP (non-binding residues predicted as binding) and FN (binding residues predicted as non binding) represent, true positives, true negatives, false positives and false negatives, respectively.

RESULTS AND DISCUSSIONS
=======================

We have assessed the performance of all the available methods in different sets of data as described in the 'Materials and Methods' section.

Structural classes
------------------

Protein--DNA complexes have been classified into seven structural classes such as all-α, all-β, α + β, α/β, multi-domain, coiled coil and small proteins. The accuracies obtained with all the 11 considered methods in these data sets are presented in [Table 1](#gkt544-T1){ref-type="table"}. From [Table 1](#gkt544-T1){ref-type="table"}, we noticed that the performance of a method depends on the structural class. Most of the methods predict well in all-α proteins where as the performance is poor in all-β class of proteins. This trend is similar to protein secondary structure prediction that all-α class proteins are better predicted than all-β class proteins ([@gkt544-B60]). The binding sites in coiled coil proteins are predicted well in most of the methods. The comparison of different methods showed that BindN-RF has the best performance in all-α and all-β proteins. The sensitivity of BindN-RF and DP-Bind_BLOSUM is \<60%, although the overall accuracies of these methods are more than metaDBSite. Further, none of the method showed the sensitivity of more than 59% in multi-domain proteins. This might be due to the size of the protein, and the binding site residues are \<2%. Hence, we have separated domains in these proteins using SBASE ([@gkt544-B61]) and predicted the binding sites in DNA-binding domain. We observed that the methods DP-Bind_PSSM and NAPS could predict the binding sites with \>60% sensitivity, specificity and accuracy. Further, we have evaluated the performance of different methods using MCC, and the results are presented in [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt544/-/DC1). We noticed that the trend is similar to that reported using the measure, accuracy. Table 1.Prediction accuracy of binding sites in different classesMethodsAverage Accuracyall-αall-βα + βα/βCoiled coilMultidomainSmall proteinsBindN64.2 (74.9)66.2 (76.3)62.1 (74.6)60.3 (74.8)62.2 (79.6)75.1 (73.2)61.3 (79.7)62.4 (66.5)BindN+71.1 (82.8)76.2 (83.8)66.0 (83.7)67.9 (81.9)66.5 (85.8)**88.4** (86.9)65.5 (87.3)66.9 (70.2)BindN-RF71.9 (82.3)**76.4** (83.7)**68.0** (82.7)68.4 (82.8)67.8 (84.8)88.1 (86.5)65.8 (86.6)**68.5** (69.2)DBS-Pred64.3 (72.6)64.2 (73.0)62.6 (71.6)62.0 (71.7)63.1 (75.4)74.4 (73.6)59.8 (76.4)63.6 (66.5)DBS-PSSM70.2 (78.5)73.2 (80.2)65.5 (78.2)65.8 (76.5)67.1 (83.3)87.4 (81.6)65.3 (87.0)67.3 (62.3)DP-Bind_Binary66.9 (68.0)68.1 68.6)63.5 (65.8)63.1 (67.2)66.3 (70.6)79.8 (70.4)62.0 (70.7)65.4 (62.9)DP-Bind_BLOSUM66.1 (67.8)69.2 (69.5)63.2 (66.3)62.8 (67.8)66.3 (71.5)75.6 (66.6)61.1 (70.5)65.0 (62.4)DP-Bind_PSSM72.1 (76.4)73.7 (78.4)67.9 (75.3)**69.6** (76.6)70.4 (80.5)88.1 (84.6)**69.9** (79.4)64.8 (56.8)DNABindR68.0 (71.9)70.1 (72.9)62.6 (68.1)65.2 (71.0)66.2 (75.2)82.9 (77.3)64.2 (77.1)64.4 (61.7)metaDBSite69.9 (72.3)72.0 (74.1)66.9 (70.2)67.2 (71.5)**69.2** (76.6)82.0 (74.0)65.4 (76.6)66.5 (62.9)NAPS63.6 (65.1)64.6 (64.8)58.8 (61.3)59.4 (62.5)57.6 (66.9)80.6 (75.0)62.5 (67.9)61.6 (57.6)[^1]

Folds, superfamilies and families
---------------------------------

The classification of protein--DNA complexes based on their structures showed that they are distributed in 86 different folding types, 106 superfamilies and 194 families. We have analyzed the performance of all the 11 prediction methods in all folds, superfamilies and families, and the summarized results are presented in [Figure 1](#gkt544-F1){ref-type="fig"} and [Supplementary Table S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt544/-/DC1). DP-Bind_PSSM showed the best performance in \>20% of the folds/superfamilies. However, the accuracy of this method is \<60% in 13 of the 86 considered folds. BindN-RF scored the highest rank in the classification of families. Methods such as DBS-PSSM and BindN+ predicted the binding sites with topmost accuracy in 10--20% of the considered 186 DNA-binding proteins. Interestingly, one of the earliest prediction methods DBS-Pred ([@gkt544-B37]) also showed the best performance in four folds, four superfamiles and three families. These results showed that the prediction methods are complimenting each other in different types of DNA-binding proteins. It is essential to reveal the best method in specific type of proteins for practical applications. Figure 1.Performance of DNA-binding site prediction methods in various folds, superfamilies and families.

We have systematically analyzed the correspondence between the structure of the complex and prediction performance, and the methods showing highest and lowest accuracies for identifying the binding sites in 86 folds, 106 superfamilies and 194 families are listed in [Supplementary Table S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt544/-/DC1). Few typical examples for the best and worst predicted folds along with their performances are presented in [Table 2](#gkt544-T2){ref-type="table"}. BindN+, DBS-Pred and DP-Bind_PSSM showed the best performance in profilin-like, tetracyclin repressor-like and transcription factor IIA types of folds, respectively. The predicted accuracies are \>90% based on the average between sensitivity and specificity. On the other hand, other methods showed a poor performance in these folds with the accuracy in the range of 50--70%. Further, the accuracies of several folds are \<70%, and three typical examples are listed in [Table 2](#gkt544-T2){ref-type="table"}. The best method showed the accuracy of 57% in Retrovirus zinc finger-like domain fold. The sensitivity and specificity are 70.2 and 43.0%, respectively. In addition, PUA domain-like and HLH-like folds showed the accuracy of 61.1 and 61.2%, respectively. These results indicate the requirement of methods to be applicable to folds in which the binding sites are poorly predicted. Table 2.Typical examples of best and worst predicted folds, superfamilies and familiesFold/Superfamily/FamilyMethodSensitivitySpecificityAccuracy1Accuracy2MCCLowest AccuracyMCC**Fold**    Profilin-like (1)BindN+100.096.496.698.20.3264.5 (DP-Bind_BLOSUM)0.20    Tetracyclin repressor-like, C terminal domain (2)DP-Bind_PSSM96.289.689.892.90.2851.1 (DP-Bind_BLOSUM)0.20    Transcription factor IIA(TFIIA), beta-barrel domain (2)DBS-Pred100.080.482.090.20.1667.9 (NAPS)0.13* HLH-like (1)BindN+40.082.472.761.20.3849.6 (NAPS)0.16 PUA domain-like (1)DNABindR75.047.351.061.10.2154.4 (NAPS)0.13 Retrovirus zinc finger -like domains (2)DP-Bind_PSSM70.243.054.756.60.2946.5 (DNABindR)0.22***Superfamily**    Pheromone-binding, quourm-sensing transcription factors (1)BindN+100.096.496.698.20.3164.5 (DP-Bind_BLOSUM)0.20    Dimeric alpha + beta barrel (1)BindN-RF87.596.495.992.00.3447.3 (DBS-Pred)0.17    DNA-binding domain- eukaryotic transcription factors (1)DBS-PSSM100.088.590.594.30.2872.3 (DBS-Pred)0.20* Chromo domain-like (1)DBS-Pred27.873.960.950.80.2042.2 (NAPS)0.14 Immunoglobin (3)DBS-PSSM77.860.060.468.90.2937.4 (NAPS)0.13 RNase A-like (1)DP-Bind_PSSM71.447.048.459.20.2934.9 (BindN)0.18***Family**    AraC type transcriptional activator (1)BindN-RF100.099.099.199.50.3265.9 (DBS-Pred)0.19    CopG-like (1)BindN100.081.183.790.50.2278.1 (BindN-RF)0.20    Z-DNA binding domain (1)DBS-PSSM100.081.182.590.60.2647.4 (DP-Bind_Binary)0.19* T7 RNA polymerase (1)DP-Bind_PSSM50.088.086.269.00.2858.5 (NAPS)0.13 RecA protein-like (ATPase-domain) (1)BindN-RF33.387.786.560.50.3344.1 (DNABindR)0.23 SRA domain-like (1)DNABindR75.047.351.061.10.2354.4 (NAPS)0.13*[^2]

The best predicted superfamilies and their performance are included in [Table 2](#gkt544-T2){ref-type="table"}. We observed that pheromone binding and dimeric α + β barrel are predicted with the accuracy of \>90% where as the lowest accuracies are 65 and 47%, respectively. The binding sites in eukaryotic transcription factors are predicted well with all the methods, and the highest and lowest accuracies are 94 and 72%, respectively. The worst predicted superfamiles are chromo-domain-like, immunoglobulin and RNase A-line with the highest accuracy of ∼60% ([Table 2](#gkt544-T2){ref-type="table"}). Interestingly, the binding site residues in chromo-domain superfamily are predicted with high specificity, whereas other two superfamilies identify the binding residues with high sensitivity. This suggests that the interface residues in these domains may consist of a small number of residues with strong binding signal, which remain unchanged across the family, whereas there are other residues, which show diversity, and their binding is not directly predicted from sequence features alone.

We observed similar tendency in the classification of families. BindN-RF predicted the binding sites in AraC type transcriptional activator with the accuracy of 99.5%; the sensitivity and specificity are 100 and 99%, respectively. The binding sites in CopG and Z-DNA-binding domain are predicted with \>90% accuracy by BindN and DBS-PSSM, respectively.

This analysis revealed that although newly developed methods included several features, fine tuning of parameters and large data set, which showed excellent performance over other methods, simpler methods reported earlier than others may outperform more complex methods on some systems, and hence their availability should be made use of predictions.

Disordered regions
------------------

We have analyzed the performance of different methods in disordered regions of 73 protein chains. The results are presented in [Table 3](#gkt544-T3){ref-type="table"}. We observed that the methods, BindN-RF and DP-Bind_PSSM, which showed high accuracy in different structures classes ([Table 1](#gkt544-T1){ref-type="table"}), have less sensitivity and specificity, respectively in disordered regions. The overall accuracy also reduced to 62%. On the other hand, DBS-Pred maintained the accuracy of 61% for disordered regions. The accuracy obtained with different methods given in [Table 3](#gkt544-T3){ref-type="table"} showed the necessity of developing new methods for predicting the binding sites in disordered regions. Table 3.Prediction performance of binding sites in disordered regionsMethodSensitivitySpecificityAccuracy1Accuracy2MCCDBS-Pred61.360.760.861.00.17BindN55.567.565.261.50.19BindN+61.364.664.063.00.21BindN-RF55.568.365.961.90.19DP-Bind_Binary78.148.454.063.30.21DP-Bind_BLOSUM73.050.354.561.60.18DP-Bind_PSSM65.756.460.661.00.20NAPS59.158.958.959.00.14DNABindR75.951.956.463.90.22metaDBSite73.056.059.264.50.23DBS-PSSM65.061.161.863.00.20

Motifs
------

We have grouped the protein--DNA complexes into 15 different motifs, which have the representation of 1--30 complexes. The best performance of each method in all the motifs is shown in [Supplementary Table S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt544/-/DC1). In this Table, we have also included the number of motifs, sensitivity, specificity and accuracy. We noticed that BindN+ performed the best in alpha/beta, beta sheet and helix-loop-helix motifs. On the other hand, the performance is poor in Zalpha motif. BindN-RF showed the best performance in 9 of the 15 considered motifs. DBS-PSSM is ranked as the first in the ribbon-helix-helix and Zalpha motifs.

We have analyzed the performance of each method in all these motifs with the condition that the sensitivity and specificity are \>60%, and the results are shown in [Figure 2](#gkt544-F2){ref-type="fig"}. We observed that all the methods performed well at least 2 of the 15 considered motifs. BindN-RF showed the best performances in 12 of 15 motifs followed by BindN+ (10/15). DBS-PSSM, DNABindR and metaDBSite showed the sensitivity and specificity of \>70% in 5--8 motifs. Figure 2.Performance of prediction methods in 15 different types of DNA binding motifs. Number of motifs, which are predicted with the sensitivity and specificity of \>60% each in all considered methods are shown.

Type of DNA
-----------

We have classified the protein--DNA complexes based on three types of DNA such as single-stranded, double-stranded and palindrome, and double-stranded and non-palindrome DNA. We observed that the performance is poor for all the methods to predict the binding sites when the DNA is of single strand. The highest accuracy is 61.5% with the sensitivity and specificity of 49.9 and 73%, respectively, obtained for the method DP-Bind_PSSM. The binding sites with double-stranded DNA are predicted with \>70% accuracy in both palindrome and non-palindrome cases. Further, the performance with double-stranded palindrome DNA--protein complexes is better than that with non-palindrome DNA. The accuracies are 71 and 76%, respectively. This result is understandable because many more double-stranded DNA-binding proteins have been solved and hence included in training sets than those binding to single-strand DNA. For example, the first published method for predicting DNA-binding sites (DBS-Pred) used only dsDNA-binding proteins for training the model.

DNA conformation
----------------

We have collected the DNA conformation details from NDB and accordingly classified the considered protein--DNA complexes. Majority of the DNA have the conformation of B-type. The prediction method, DP-Bind_PSSM showed the highest accuracy of 71% to predict the binding sites. The RH and Z-DNA types are predicted with the accuracy of 71%. [Supplementary Table S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt544/-/DC1) shows the performance in the complexes with different types of DNA.

Functional classification of protein--DNA complexes
---------------------------------------------------

We have classified the protein--DNA complexes based on their functions and are mainly under three categories, namely, enzymes, regulatory and structural proteins.

The enzymes are classified into 17 groups, which have one to 52 protein--DNA complexes. The sensitivity, specificity and accuracy of the best methods in each group of enzymes are presented in [Supplementary Table S7](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt544/-/DC1). We noticed that none of the prediction methods worked well in 13 of the 17 groups. Only four groups of enzymes, kinase, phosphatase, recombinase invertase and recombinase resolvase are predicted well with the accuracy of \>80%. DNA endonuclease is a major group of enzymes with 52 complexes, and the prediction accuracy is 71% with the sensitivity of 63% and specificity of 78%. For the class of rare enzymes with only one complex, the accuracy varies from poor to good. The excellent performance of several methods in these enzymes might be due to the presence of these proteins in the training set of their respective methods. In contrast, DNA reverse transcriptase has two proteins, and the performance is poor in all the methods; the highest accuracy is 59.4% with the sensitivity of 39.4%. DNA polymerase with 17 samples is predicted poorly with the accuracy of 66%.

Regulatory proteins are classified into 13 groups with 149 chains and the accuracy of different methods lies in the range of 60--80% ([Supplementary Table S7](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt544/-/DC1)). Further inspection of [Supplementary Table S7](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt544/-/DC1) shows that few classes of regulatory proteins such as DNA repair repressor, transcription factor co-activator and transcription factor termination have poor performance to identify the binding site residues with high sensitivity; the sensitivity is 33--46%.

Considering the structural proteins, the average accuracy is in the range of 65--78% for the 19 DNA-binding proteins in this data set. In this group of proteins, we noticed a balance between sensitivity and specificity in most of the methods. Further, one of the poorly performed methods, NAPS showed the best performance in viral coat protein.

General trends on different prediction methods
----------------------------------------------

In addition, we have evaluated the performance of different prediction methods using two independent sets of test data: (i) using the protein--DNA complex structures deposited recently (since June 2011) and (ii) the structures, which were not used in individual methods for developing the respective algorithm. The results obtained with these two sets of data are presented in [Table 4](#gkt544-T4){ref-type="table"}. We observed that the balance between sensitivity and specificity lies in the range of 60--70% in most of the methods for both the data sets. However, the accuracy is \>75% in several methods, when the accuracy was evaluated using [Equation (3)](#gkt544-M3){ref-type="disp-formula"}, which shows the ability of different methods for either correctly predicting the binding sites or excluding non-binding sites. The data presented in this work based on different categories of data sets would be a valuable resource for the biologists to select the best method for their target DNA--binding protein. Table 4.Prediction performance of different methods in two independent data setsMethodData set 1Data set 2Accuracy1Accuracy2MCCAccuracy1Accuracy2MCCBindN76.163.10.1776.461.40.14BindN+80.269.20.2879.668.70.26BindN-RF78.069.50.2875.368.70.24DBS-Pred72.662.40.1672.862.20.14DBS-PSSM78.366.50.2578.469.70.23NAPS63.560.20.1364.860.30.12DNABindR71.666.30.2172.166.70.20metaDBSite74.768.70.2478.266.20.22DP-Bind_Binary67.965.90.1968.667.70.19DP-Bind_BLOSUM68.466.10.1967.365.40.17DP-Bind_PSSM75.970.30.2777.770.00.25[^3][^4]

Comparison between the best predicted method and combination of methods
-----------------------------------------------------------------------

The method, metaDBSite, combined six different methods and developed a prediction system for identifying the binding sites in DNA-binding proteins. We have compared the performance of metaDBSite with the best predicted method in different groups of DNA-binding proteins and the results are presented in [Supplementary Table S8](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt544/-/DC1). We noticed that among 86 folds, metaDBSite performed the best only in six folds. Similar trend is observed in all the nine classification of data sets. This analysis emphasizes the importance of the present method over combination of different methods. In addition, we have estimated the difference in accuracy between the best method and metaDBSite, and we noticed an improved accuracy of up to 54% in all the DNA-binding proteins and the average accuracy is 9.6%. We have also carried out an ensemble-based prediction based on the majority of voting of the 11 methods used in this work, and we observed a similar trend that we obtained with metaDBSite predictor.

Grouping of methods based on their complexities
-----------------------------------------------

We have combined the methods into three groups based on their complexities such as (i) additive feature models (models which treat each input feature independent of the other), (ii) complex feature models (which use non-additive combination of features) without using PSSM and (iii) complex feature models using PSSM. The performance of these three groups of models was analyzed in all the considered data sets, and the results are presented in [Supplementary Table S9](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt544/-/DC1). The results showed that the performance of additive feature models is similar to complex feature models without using PSSM. The complex feature models, which use PSSM, showed better performance for identifying the binding sites in most of the classes. However, the performance of these models to identify the binding sites of disordered regions was poor.

Applications
------------

The insights obtained in the present work have several applications, and some of them are discussed later in the text. (i) For a protein with known structure and without the information of the complex, one can get all the structural information such as class, family, superfamily and so forth. In this case, depending on the type of the protein-specific method can be used to identify the binding sites, and the results will be reliable for designing experiments. (ii) Currently, protein secondary structure prediction are reported to show the accuracy of close to 85%, and structural class can be predicted with the accuracy of \>95%. On a large scale analysis, it is possible to predict the structural class and apply suitable method to identify the binding sites. For example, the correct prediction of structural classes would predict the binding sites with the higher accuracy than the average accuracy of best methods reported in the literature. (iii) For a specific protein, it is possible to obtain the structural information using homology modeling or *ab initio* structure-prediction methods with reasonable accuracy. For selecting the best prediction method, the modeled structure would be sufficient to obtain the necessary structural information. The binding sites can be predicted by selecting the respective method based on structural information, which will be reliable for designing experiments. In addition, other information reported in this work can also be combined to get the desired information.

The data presented in [Table 1](#gkt544-T1){ref-type="table"} suggested that BindN+, BindN-RF and DP-Bind_PSSM are the best methods for identifying the binding sites in DNA-binding proteins. However, inspection of these methods showed a wide range of accuracies. For example, BindN+ showed the worst performance in predicting the binding sites in HMG-D protein (1QRV), and the average accuracy is 35%. On the other hand, BindN-RF showed the best performance with an accuracy of 87% in this protein. BindN-RF showed an accuracy of 67% in T4 phage beta-glucosyltransferase (1M5R), whereas DNABindR performed well with an accuracy of 85%. The accuracy is 31% in centromere-binding protein using DP-Bind_PSSM, and BindN-RF could predict with the highest accuracy of 55%, which requires further improvement. These data demonstrated the necessity of selecting methods for efficient prediction and the requirement of improvements in specific proteins.

Online tool for the correspondence between protein/DNA type and the best method
-------------------------------------------------------------------------------

We have developed a web server to provide the best method for any type of protein/DNA-based on its class, fold, family, superfamily, motif, function, single/double-stranded DNA and DNA conformation. It takes the structural/function information of protein/DNA and displays the best method in the output. The web server is freely available at <http://www.biotech.iitm.ac.in/DNA-protein/>.

CONCLUSIONS
===========

Selecting the best method for identifying the binding sites in DNA-binding proteins is one of the immediate requirements for biologists to design experiments. We have addressed this problem by carefully analyzing the available prediction methods using nine different types of data sets based on structural information, motifs, DNA types and functional information. The one-to-one correspondence between the subclass of DNA-binding proteins and best/worst prediction method are given for all the studied data sets. These information would be highly valuable to select the best method for understanding the recognition mechanism for specific proteins as well as massive analysis with large data sets.

SUPPLEMENTARY DATA
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt544/-/DC1) are available at NAR Online: Supplementary Tables 1--9.
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[^1]: Accuracies obtained with [Equation (3)](#gkt544-M3){ref-type="disp-formula"} are given in parentheses. The highest accuracy in each class is shown in bold.

[^2]: The worst predicted folds/superfamilies/families are shown in italics.

[^3]: Data set 1: List of DNA--protein complexes analyzed in this work and not used in the respective methods.

[^4]: Data set 2: List of DNA--protein complexes published from June 2011, after the publication of all the analyzed methods.
